Sulfide sulfur in mid-oceanic ridge hydrothermal vents is derived from leaching of basaltic-sulfide and seawater-derived sulfate that is reduced during high temperature water rock interaction. Conventional sulfur isotope studies, however, are inconclusive about the massbalance between the two sources because 
-3 -systems. We conclude that 33 S is an effective new tracer for interplay among seawater, oceanic crust and microbes in subseafloor hydrothermal sulfur cycles. S, were thought to carry no additional information because isotope fractionations by most terrestrial processes (e.g., biological, hydrothermal) follow mass-dependent fractionation laws that establish relationships among multiple-isotope ratios of the same element (Hulston and Thode, 1965, Matsuhisa et al., 1978) . Exceptions for this, however, include the studies of meteorites (e.g., Hulston and Thode, 1965; Gao and Thiemens, 1991; Farquhar et al., 2000b,c) and Archean sedimentary sulfide and sulfate minerals (Farquhar et al., 2000a; Ono et al., 2003) , which show anomalous isotope abundance originated in nucleosynthetic processes or gas phase photochemical reactions.
INTRODUCTION
Recent development of multiple-stable isotope analytical capabilities has shown that different isotope mass-dependent fractionation processes (e.g., diffusion, biological metabolism, high temperature equilibrium processes) follow slightly different mass-dependent fractionation laws (Young et al., 2002; Farquhar et al., 2003) . These differences are measurable and are documented in multiple isotope systems of oxygen (Angert et al., 2004; Luz et al., 1999) , magnesium (Young et al., 2002) , and sulfur (Farquhar et al., 2003; Johnston et al., 2005a; Ono et al., 2006) . For the sulfur isotope system, Farquhar et al. (2003) and Johnston et al. (2005a) demonstrated that bacterial sulfate reduction follows a mass-dependent relationship that is measurably different (i.e., identical (Ono et al., 2006) . Ono et al. (2006) and Johnston et al. (2005b) discussed how these -5 -isotope tracers can be used to provide new insights into the post-Archean sulfur biogeochemical cycles. In this paper, we report the first application of multiple-sulfur isotope systematics in the study of the sulfur cycle in modern high temperature seafloor hydrothermal systems.
High temperature seafloor hydrothermal systems circulate the entire world ocean though the oceanic crust every tens of millions of years and strongly impact the global biogeochemical cycles (Stein and Stein, 1994; Kadko et al., 1995; Elderfield and Schultz, 1996) . Seawater contains ~ 28 mmol/kg of sulfate but, during seafloor hydrothermal circulation, most sulfate precipitates as anhydrite upon heating above 150° C in the low temperature recharge zone and only a small fraction (<1 mmol/kg) of sulfate enters to the deep hydrothermal system (Shanks et al., 1981; Sleep, 1991) . In the high temperature (>250 °C) reaction zone, the hydrothermal fluid gains H 2 S through (1) reduction of seawater-derived sulfate by Fe 2+ bearing minerals, and (2) leaching of sulfide minerals in basalt (Woodruff and Shanks, 1988; Shanks, 2001 ). Experimental study shows sulfate reduction is quantitative in the presence of fayalite and magnetite above 250°C (Mottl et al., 1979; Shanks et al., 1981) . If this applies to seafloor hydrothermal systems, the S values (1 to 5 ‰; Shanks, 2001 ) of the present-day hydrothermal sulfide from sediment-free mid-oceanic ridge suggests that most (more than three quarters) of H 2 S is derived from leaching of basaltic sulfide and seawater-derived sulfate has a relatively small but isotopically significant contribution.
While the two component mixing model explains observed δ
34
S values of the present day seafloor hydrothermal sulfides, a different model has been developed mostly from studies of ancient seafloor sulfide deposits (e.g., Ohmoto et al. 1983 , also see Seal et al., 2000, Shanks, -6 -2001 for discussion). The anhydrite buffer model (Ohmoto et al., 1983) (Ohmoto et al., 1983; Ohmoto and Goldhaber, 1997) . For example, isotope fractionation factors between SO 4 and H 2 S are 21 and 15 ‰ at 300 and 400°C, respectively (Ohmoto and Lasaga, 1982) . Therefore, hydrothermal sulfides with δ
S values between 0 and 6 ‰ are explained by the anhydrite buffered model with equilibrium temperature of 300 and 400° C, respectively. The anhydrite buffer model implies that the majority of sulfides in seafloor hydrothermal vents are ultimately derived from seawater sulfate, in contrast to the two component mixing model.
Another unresolved issue has been isotope disequilibrium among sulfide minerals and vent fluid H 2 S collected in-situ (Kerridge et al., 1983; Shanks and Seyfried, 1987; Woodruff and Shanks, 1988; Bluth and Ohmoto, 1988; Shanks et al., 1995; Shanks, 2001) . Because experimentally determined isotope fractionation factors among sulfide minerals (pyrite, sphalerite, and chalcopyrite) and H 2 S are small at typical hydrothermal temperature (<1.4 ‰ for 300 to 400 °C; Ohmoto and Goldhaber, 1997) , observed δ 34 S variations reflect sulfur isotope disequilibrium among metal sulfides and vent H 2 S. A temporal shift in relative contributions of two sources of sulfur (basaltic sulfide and seawater sulfate) could explain part of isotopic heterogeneity (Bluth and Ohmoto, 1988) . Such a temporal change of δ 34 S for vent fluid H 2 S from +6.4 to +2.9 ‰ was reported by a time-series sampling at 9-10° N East Pacific Rise (EPR) (Shanks, 2001) . However, Shanks (2001) also reported that isotope disequilibrium still exists with vent fluid H 2 S being one to two permil enriched in 34 S relative to metal sulfides even after careful sampling of metal sulfides in the inner-wall of chimneys. An alternative model involves -7 -local reduction of seawater sulfate by entrainment of seawater through chimney walls and/or by dissolution of previously precipitated anhydrite (Woodruff and Shanks, 1988; Janecky and Shanks, 1988 provides an additional constraint that can be used to decouple isotope mixing from fractionation.
The isotope systematics discussed here are applicable to a variety of problems not only for sulfur isotope but also for any isotope systems that have more than two isotopes (e.g., 16, 17, 18 O, 24, 25, 26 Mg, 54, 56, 57, 58 Fe, 74, 76, 77, 78, 80, 82 Se) as long as the required analytical precision can be achieved.
DEFINITIONS AND NOTATIONS
Sulfur isotope values are reported using the conventional delta notation: (Ono et al., 2006) .
We define capital delta notation (Δ) as the deviation of δ
33
S from a reference line (Hulston and Thode, 1965; Gao and Thiemens, 1991) :
An alternative definition has been used by recent studies (Miller, 2002; Young et al., 2002; Ono et al., 2003 , Ono et al., 2006 , and we denote this as Δ* :
where
These definitions of Δ* and δ* are often preferred because of logarithmic relationships between mass-dependent isotope fractionations (Hulston and Thode, 1965; Miller, 2002; Young et al., 2002) , such that :
where x α is the isotope fractionation factor (e.g.,
. Several papers discuss characteristics of different definitions used in multiple-isotope studies (e.g., Miller, 2002; Young et al., 2002; Kaiser et al., 2004; Assonov and Brenninkmeijer, 2005; Ono et al., 2006) . We use both definitions (Δ and Δ*) in this paper because there is no best coordinate system in describing mathematics of multiple-stable isotope systematics. It will be shown that the alternative delta -9 - 
MATERIALS

East Pacific Rise (EPR) 9-10° N
The seafloor hydrothermal vent sites at 9-10° N East Pacific Rise (EPR) are located on a fast spreading (10.2 cm/year full spreading rate) ridge at 2512 to 2580 m depth (Von Damm, 2000) . The vent fluid H 2 S and chimney-wall metal-sulfide samples were collected in 1994 from four different vent sites spread over 24 km along the ridge axis (Shanks, 2001) . Temperature,
-10 - mmol/kg (Bluth and Ohmoto, 1988) . Bluth and Ohmoto (1988) 
EPR 21° S
An active chimney sample was collected from the Brandon vent at 21° S EPR (Von Damm, et al., 2003) . The EPR at 21° S is an ultra-fast spreading center with full spreading rate at 15.2 cm/year. The samples came from one of the five chimneys at the Brandon Site. The vents from the Brandon site are characterized by high temperature fluids (up to 400°C), which is close to the critical point of the fluids at ambient pressure of 287 bars (2834m) (Von Damm et al., 2003) .
Mid-Atlantic Ridge (MAR) 37° N, Lucky Strike vent field
Lucky Strike vent field is located at 37°17' N on the Mid-Atlantic Ridge, and characterized by a slow spreading (2.4 cm/year full rate) ridge, and vent fluids temperatures of up to 324° C at depth of 1618-1726 m (Charlou et al., 2000; Von Damm et al., 1998) . A -11 -previous study of sulfur isotope values of sulfide minerals reported δ 34 S of -0.5 to +4.6 ‰ (Rouxel et al., 2004) . Mineral separates of marcasite and chalcopyrite from the Bairo Alto chimney were analyzed in this study.
ANALYTICAL METHOD
A laser fluorination SF 6 manifold was developed to measure all three isotope ratios of Both columns are operated with a He flow rate at 25mL/min at temperature of 100° C. The analyte is heart cut twice from the first column to the second, and from the second column to a cold trap held at liquid nitrogen temperature. After evacuating He carrier gas, the purified SF 6 is introduced to an isotope ratio mass-spectrometry by using a dual-inlet mode.
The mass-spectrometer (Thermo-electron MAT 253) has faraday cups that allow simultaneous determination of masses 127, 128, 129, and 131 ( (Table 1) .
Eight fluorination analyses of IAEA S-1 over an eight month period are shown in Table 1 along with those of two CDT samples and one NBS reference sample (NBS OGS-1). These measurements reflect precision for complete analysis from fluorination, GC purification, and dual-inlet mass-spectrometry analysis. Reproducibilities for δ dual-inlet mass-spectrometry, such as ion counting statistics and instrumental stability. Table 2 summarizes isotope compositions of reference materials measured in this and previous studies (Ono et al., 2006) . Table 3 ). This is the reverse from the expected relationship for isotope equilibrium, 
RESULTS
EPR
MAR 37° N, Lucky Strike vent field
The δ 34 S of marcasite ranges from -0.9 to 0.5 ‰ and δ
34
S of chalcopyrite ranges from 1.7 to 3.6 ‰, consistent with a previous report (Rouxel et al., 2004 
Multiple-sulfur isotope compositions of the two end-member components are defined in order to solve equations (8) and (9).
Oceanic basalts contain 500 to 1500 ppm sulfur as iron-monosulfide solid-solution (approximately pyrrhotite) with δ 34 S values typically within ± 1 ‰ of CDT (Sakai et al., 1982 (Sakai et al., , 1984 Kusakabe et al., 1990) . Most meteorites, except for some minor phases, as well as lunar basalts yield Δ
33
S values statistically indistinguishable from that of CDT (Gao and Thiemens , 1991 , 1993a Farquhar and Wing, 2005) , suggesting that δ 34 S and Δ
S values of the Earth's primordial sulfur are similar to those of CDT (Farquhar et al., 2002; Ono et al., 2006) . Sakai et al. (1982) 
Anhydrite buffer model
The isotope composition of H 2 S expected for the anhydrite buffer model is derived using the isotope compositions of seawater sulfate and the equilibrium isotope fractionation factor between sulfate (SO 4 ) and sulfide (H 2 S) that is a function of temperature. Sulfur isotope fractionation factors among sulfate minerals (barite and anhydrite) and SO 4 are not considered because this is minor compared to that between SO 4 and H 2 S (Ohmoto et al., 1983 (Ohmoto and Lasaga, 1982) as well as previous theoretical calculation (Sakai, 1968) between 200 and 400° C.
The relationships among intra-elemental fractionation factors for SO 4 and H 2 S are best described by a logarithmic formula, and fitted by the following empirical equations:
and
where x α are isotope fractionation factors, and temperature (T) is in Kelvin. At high temperature (T→∞) the 33 θ value approaches 0.5159, which is expected from the high temperature approximation (Matsuhisa et al., 1978; Young et al., 2002) : 
In the natural system, this reaction occurs in the low water/rock ratio system where redox of the fluid is buffered by the quartz-fayalite-magnetite mineral assemblage (Seyfried and Ding, 1995) .
Sulfate entering into this rock buffered deep reaction zone, typically 1 to 2 km depth, is quantitatively reduced into H 2 S. The H 2 S produced in such a process would have sulfur isotope compositions that follow the two component mixing line.
Upflow of the hydrothermal fluid from the deep reaction zone may involve significant entrainment of seawater. Such sulfate entrainment is well documented, for example, at the Trans-Atlantic Geotraverse (TAG) field (Humphris and Tivey, 2000) , where anhydrite is precipitated in the shallow subseafloor (to the depths of about 100 m). When hydrothermal -18 -fluids upflow through anhydrite-bearing zones, the sulfur isotope composition of the fluid SO 4 would be maintained by reversible dissolution/precipitation of anhydrite:
and isotope exchange between SO 4 and H 2 S controls δ 34 S and Δ
33
S values of H 2 S. When isotope equilibrium is established, the isotope composition of H 2 S would fall on the anhydrite buffer line at the corresponding temperature. When isotope equilibrium is not established, the isotope composition of H 2 S would fall between the two component mixing endmember and the anhydrite buffer endmember (Figure 3 ). An example application of this mixing-reaction model is applied to the 9-10 o N system (Figure 3 ), where the two-component mixing ratio is 0.17 in the deep reaction zone (deep H 2 S) and subsequent isotope exchange with SO 4 occurs at ~300° C or 400°C
(Line A and B in Figure 3 , respectively).
The sulfur isotope data for vent H 2 S from EPR 9-10° N suggests isotope exchange between H 2 S and SO 4 at 400° C for samples 2756-14 and 2736-12 (Figure 3) . A lower temperature (329° C) was measured in-situ for venting fluid at 2736 (Shanks, 2001) , suggesting that isotope exchange between SO 4 and H 2 S occurred in the subsurface prior to venting at the seafloor. Higher temperatures (above 400° C) are estimated for samples 2752-11 and 2748-14, which also are higher than in-situ temperatures of 377 and 342 °C, respectively. Isotope exchange at temperatures significantly above 400 o C, however, is unlikely due to constraints of phase separation (Bischoff and Rosenbauer, 1988) because chemistry of the sampled fluids (e.g., chloride concentrations) does not show evidence of phase separation (Shanks, 2001) .
At the temperature of 400° C isotope equilibrium between H 2 S and SO 4 is established in 14 to 70 hours at pH between 3 and 4 (90% exchange for total S content of 10 mmol/kg, Ohmoto residence time of fluid in the anhydrite-buffered zone are both on the order of hours to a few days. If the vertical velocity of the subsurface fluid upflow can be approximated to that of the fluid venting at black smoker chimneys, which is on the order of 1m/s, it would take less than one hour for hydrothermal fluid to travel from the deep reaction zone (~2 km) to the seafloor (Alt, 1995a; Shanks, 2001) . Because this is too fast compared to sulfur isotope exchange kinetics, our isotope data suggest slower subsurface upflow velocity and focusing of the flow through the chimney orifice. This is consistent with the model by Fisher (2004) 
Isotope disequilibrium among sulfide minerals and pyrite precipitation mechanism
Pyrite in seafloor hydrothermal systems often yields lower δ 34 S values compared to vent H 2 S, sphalerite, and chalcopyrite (Kerridge et al., 1983; Shanks and Seyfried, 1987; Woodruff and Shanks, 1988; Bluth and Ohmoto, 1988; Rouxel et al., 2004) . This relationship is opposite to what is expected for isotope equilibrium (Ohmoto and Goldhaber, 1997) . In this study, pyrite from the EPR 13° N and marcasite from the Lucky Strike vent field, are found to be in isotope disequilibrium with sphalerite and chalcopyrite not only in δ 34 S but also in Δ 33 S.
Although pyrite is an abundant mineral in both modern and ancient seafloor hydrothermal sulfide deposits, its precipitation pathway(s) has been controversial (Rickard, 1997; Wilkin and -20 -Barnes, 1996; Benning et al., 2000; Schoonen, 2004, and references therein) . Experimental studies show that pyrite can precipitate from FeS precursors by reactions with thiosulfate or polythionate (Schoonen and Barnes, 1991) :
An alternative mechanism for pyrite precipitation can be written as:
Following this "H 2 S pathway" (Rickard, 1997) (Broecker and Peng, 1982) . Sulfate can be supplied to hydrothermal solution from dissolution of previously precipitated anhydrite within chimney structures or by entrainment of ambient seawater. for a marcasite-sphalerite pair from the Lucky Strike vent field (Figure 1 ). The actual precipitation temperature of the marcasite, however, is thought to be much lower than 290° C based on temperatures measured at the seafloor vent (Rouxel et al., 2004) .
At EPR 9-10° N, the temperature of exchange derived from chimney wall sulfide minerals is about 300° C, whereas a higher temperature (about 400° C) is derived from vent H 2 S.
This may reflect a temperature difference between fluids in the central conduit and sites in the chimney wall where metal sulfide minerals precipitate. Such steep temperature gradients are reasonably expected within the hydrothermal chimney walls, which have cold ambient seawater -22 -outside of the wall (Tivey, 1995) . The difference in estimated temperatures, in this case, suggests isotope exchange among sulfide minerals is local and occurring either in the shallow subsurface or within chimney walls. Sulfur isotope exchange kinetics in the aqueous phase are slow at 300° C, considering the residence time of fluid within the chimney wall, and takes 6 to 140 days at pH between 3 and 4 (90 % exchange for total S of 10 mmol/kg, Ohmoto and Lasaga, 1982) . It is possible that isotope exchange is faster in natural system when it is catalyzed by mineral surfaces. hydrothermally heated sediments (Jorgensen et al., 1992) , hydrothermal vent chimneys (Schrenk et al., 2003) , and altered oceanic basement (Alt, 1995b; Bach and Edwards, 2003) . Highprecision S-33 analysis may provide new constraints by uniquely distinguishing biological isotope fractionation processes from those caused by abiological (e.g, hydrothermal, isotope mixing) processes.
CONCLUSIONS
We report results of measurements of all three stable isotope ratios of sulfur (δ S) can be applied to constrain a broad range of long standing problems in sulfur isotope geochemistry and biogeochemistry.
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